Introduction
After iron and zinc, copper ranks the third among the essential trace elements in the human body, and plays an important role in various fundamental physiological processes in organisms. 1 When human and animal bodies intake too little or too much copper from food, water, air, etc., various symptoms like vomiting, lethargy, neurotoxicity, and increased blood pressure and respiratory rates may appear. 2 The World Health Organization (WHO) has set the limit of copper in drinking water to be 2 mg/L (31 μM).
3 Therefore, it is very important to monitor copper levels in various samples for environment safety and human health.
In the past few years, many analytical methods have been developed to detect the concentrations of Cu 2+ , including atomic absorption spectrometry, 4 inductively coupled plasma-atomic emission spectrometry, 5 inductively coupled plasma-mass spectrometry, 6 and UV-vis spectrometry. 7, 8 Though these techniques are sensitive, selective, and accurate for Cu 2+ assay, most of them necessitate the use of costly apparatus and require complicated pretreatment procedures, and so are inappropriate for on-line or field monitoring. Owing to their advantages of simplicity, high sensitivity and low lost, a large number of fluorescent probes have recently been developed for the determination of copper ions so far. Cu 2+ is one of paramagnetic ions and can strongly quench the fluorescence of a fluorophore near it via an electron or energy transfer mechanism. 9 Thus, several fluorescent indicators based on fluorescence quenching have been reported to determine the trace amount of copper ions. [10] [11] [12] However, most of them only work well in a pure organic solvent media or in an aqueous solution containing an organic co-solvent. In terms of practicability, an optical chemical sensor has more preferable properties compared to a fluorescent probe used only in solution phase, it can be carried out well in 100% aqueous solutions and can provide on-line and real-time measurements. During the construction of optical chemical sensors (optode), the immobilization of indicator dyes is probably the most important factor that governs the sensitivity, response time, and stability of the sensor. 13 Poor immobilization will cause leaching and consequently no sensing. Several immobilization methods of indicator dyes have been described, such as physical entrapment, 14, 15 electrostatic association 16, 17 and covalent immobilization. [18] [19] [20] [21] Physical entrapment is attractive due to its simplicity and wider generality, but the encapsulated neutral probes are easily leached from the membrane into the analyte solution, which makes the resulting sensors less durable and more toxic. The electrostatic immobilization is also simple and effective thanks to considerable binding strength between the charged dye and the oppositely charged functional group of support matrixes; however, the indicator dye can be displaced easily by the sample ions or by the solvent molecules. Covalent linkage of the dye to a suitable matrix might be the most efficient immobilization technique for the preparation of optical chemical sensors because the resulting membranes do not leach at all. However, only very few chemosensors for copper based on an indicator dye covalently immobilized onto the support matrixes have been reported. 22, 23 Moreover, most of them require near-ultraviolet excitation, which hinders biological applications. Thus, searching for copper chemosensors with visible excitation based on covalently immobilized indicator In this paper, we describe the fabrication and analytical characteristics of fluorescence-based copper ion-sensing glass slides. To construct the sensor, a naphthalimide derivative N-allyl-4-(bis(pyridin-2-ylmethyl)amino)ethylamino-1,8-naphthalimide (1) with a terminal double bond was synthesized and photo-copolymerized with 2-hydroxyethyl methacrylate (HEMA) on a glass surface treated with a silanizing agent. In the presence of Cu 2+ at pH 7.24, the resulting optical sensor undergoes fluorescence quenching. Thus, the proposed sensor with visible excitation can behave as a fluorescent sensor for the selective detection of Cu 2+ . In addition, the sensor exhibits satisfactory selectivity, reproducibility and response time. dyes is still an active field as well as a challenge for the analytical chemistry research efforts. The photochemically initiated immobilization of indicator dyes is a relatively simple and efficient method, not requiring sophisticated apparatus and with a faster speed compared with that of thermal polymerization. To date, several optical chemical sensors have been reported in which indicator dyes were covalently attached onto the activated surface of glass slides by UV irradiation. [24] [25] [26] [27] [28] [29] In this work, we have developed a fluorescent sensor for Cu 2+ based on covalently immobilized derivative of naphthalimide via a photo-polymerization method.
Naphthalimide and its derivatives are widely applied in optical sensing because they show good photophysical properties with excellent stability, visible excitation and emission and a large Stokes shift that minimize the effects of the background fluorescence. Recently, naphthalimide-based probes for various cations via chromogenical and fluorogenical signals have received increasing interests such as Hg 2+ , 30 Zn 2+ , 31 Cu 2+ , 32 and Ag + . 33 However, only a few fiber-optic fluorescence sensors based on naphthalimide derivatives have been developed. [34] [35] [36] To the best of our knowledge, no report has been published about a fluorescent copper sensor based on naphthalimide derivatives conjugated to the active surface of glass slides. In this article, we developed a copper(II)-selective fluorescent sensor based on covalently immobilized derivative 1 of naphthalimide on the active surface of glass slides.
Experimental

Reagents and chemicals
4-Bromo-1,8-naphthalic anhydride (95%) and 2-picolyl chloride hydrochloride (98%) were acquired from Aldrich. 3-(Trimethoxysilyl)propyl methacrylate (TSPM) (98%) was purchased from Acros Organics.
Before being used, dichloromethane was distilled at atmospheric pressure from CaH2. Unless otherwise stated, other chemicals were of analytical reagent grade and were used without further purification. Doubly distilled water was used throughout all experiments.
A stock solution of 1 × 10 -2 mol/L Cu 2+ was prepared by dissolving CuCl2·2H2O in doubly distilled water. The stock solution of Cu 2+ was diluted to lower concentrations of 6 × 10 -4 to 4 × 10 -7 mol/L stepwise with buffered (Tris-HCl, pH 7.24) aqueous solution.
Apparatus
All fluorescence measurements were carried out on a Hitachi F-4500 fluorescence spectrometer (Tokyo, Japan) with both excitation and emission slits set at 5.0 nm. A 50-W ultraviolet lamp at 253.7 nm (Shanghai, China) was used for photo-polymerization.
Syntheses
The synthetic procedure for fluorescence probe N-allyl-4-(bis(pyridin-2-ylmethyl)amino)ethylamino-1,8-naphthalimide (1) is shown in Scheme 1.
(2-Aminoethyl)carbamic acid tert-butyl ester (2), tert-butyl 2-(bis(pyridin-2-ylmethyl)amino)ethyl carbamate (3) , and N-bis-pyridin-2-ylmethylethane-1,2-diamine (4) were synthesized according to a previously reported procedure. 37 
Synthesis of 4-bromo-1,8-naphthalimide (5)
. 4-Bromo-1,8-naphthalic anhydride (0.8313 g, 3 mmol) was added into 60 mL of an ammonium hydroxide solution (28% in H2O). The mixture was stirred continuously at 45 C for 4 h. Then the solvent was evaporated under reduced pressure, the residue was dissolved in 20 mL of an aqueous solution and extracted with dichloromethane (3 × 30 mL). The combined organic layer was dried with anhydrous magnesium sulfate, filtered and evaporated in vacuo to afford 5 as a white solid (0.6626 g, 80%). MS (EI) m/z: 275. (6) . To a solution of 5 (0.5522 g, 2 mmol) in chlorobenzene (10 mL), allyl bromide (0.0640 g, 0.2 mmol), 0.6 N NaOH (10 mL) and hexadecyltrimethylammonium chloride (0.2420 g, 2 mmol) were added under N2 protection. The mixture was stirred for 12 h at 55 C under nitrogen atmosphere. After the solvent was evaporated under reduced pressure, 20 mL of H2O was added. Then the mixture was washed with dichloromethane (3 × 30 mL), and the organic layer was dried with anhydrous magnesium sulfate, filtered, and concentrated under reduced pressure. The crude product was purified by silica gel column chromatography using petroleum ether/CH3COOCH2CH3 (20:1, v/v) as eluent to afford compound 6 (0.3731 g, 59%). 
Synthesis of N-allyl-4-bromo-1,8-naphthalimide
Preparation of the optode membrane
The microscope glass slides were cut to dimensions of approximately 13 × 13 mm and modified by silanization according to a previously reported method. 21 The optode membrane was prepared according to the following procedure. 21, 36 A mixture of 2.9 mL of 2-hydroxyethyl methacrylate (HEMA), 10 mg of compound 1, 45 mg of benzoin ethyl ether, 0.12 g benzophenone, and 0.2 mL of triethanolamine was first prepared. Drops of the solution were applied to a dust-free poly(tetrafluoroethylene) (PTFE) plate. Then silanized glass plates were placed over the droplets, and UV radiation (253.7 nm, 50 W) was directed from 10 cm onto the membrane matrixes for approximately 1 h in a nitrogen atmosphere. After the UV irradiation process, the glass plates with the polymer membrane were thoroughly washed sequentially with doubly distilled water and methanol using a supersonic cleaner until no leaching of the compound 1 was observed; then the plates were dried and stored for use. The thickness of the optode membrane is about 50 μm.
Fluorescence measurements
The fluorescence intensity of the optode membrane was measured with the maximal excitation wavelength of 453 nm and at the maximal emission wavelength of 514 nm. After each measurement, EDTA solution and the blank buffer solution were used to wash the optode membrane until the fluorescence intensity reached the original blank value prior to the next measurement.
Results and Discussion
Synthesis of fluorescent probe 1 and its covalent immobilization on sensor surface
For covalently immobilizing 1,8-naphthalimide on the quartz glass surface, it is necessary to introduce a terminal double bond both in this fluorescence compound and on the quartz glass surface. Therefore, an allyl group of allyl bromide was used to replace the hydrogen of imide group of compound 5 to introduce the terminal double bond and TSPM was taken as the pretreatment agent to introduce a polymerizable vinyl group onto the cleaned quartz glass plate surface. Compound 1 containing a terminal double bond reacts with a terminal double bond in the quartz glass surface by UV irradiation. In this reaction, benzophenone and benzoine ethyl ether were used as photo initiators that possess a synergistic action by forming a charge-transfer complex. HEMA and compound 1 were used as the monomer. Moreover, we utilize triethanolamine to prevent oxygen's inhibition during the membrane curing process. The time of UV-irradiation should be longer than 1 h to avoid the formed sensing membrane peeling off the quartz surface. Figure 1 shows the fluorescence spectra of the optode membrane in buffered (Tris-HCl, pH 7.24) aqueous solution upon addition of different Cu 2+ concentrations. As can be seen from Fig. 1 , the optode membrane displays strong fluorescence emission in the absence of Cu 2+ . With the increase of Cu 2+ concentration, the relative fluorescence intensity of the optode membrane decreases owing to fluorescence quenching caused by Cu 2+ , which constituted the basis for the determination of Cu 2+ concentration with the optical sensor. One possible reason is that the nitrogen atom of amino and nitrogen atoms of 2-picolyl in the N,N-bis(2-pyridylmethyl)amine group might coordinate with Cu 2+ , which exhibits stronger binding affinity. This process decreases the electron-donating ability of the amino groups, and leads to a decrease in the ICT efficiency. 38, 39 The ability of the optode membrane to recognize Cu(II) was investigated as shown in Fig. 2 . It can be seen that the fluorescence emission intensity of the sensor decreased linearly with the concentration of Cu (1) Here F is the fluorescence emission intensity of the optode membrane actually measured at a given metal concentration, F0 denotes the fluorescence intensity of the optode membrane in the absence of Cu 2+ and CCu 2+ represents the concentration of Cu 2+ added. The detection limit was calculated to be 2.0 × 10 -7 mol/L (defined as three times the standard deviation of the blank solution).
Spectral characteristics
Effect of pH
The effect of pH on the fluorescence intensity of the optode membrane was investigated by adjusting the solution pH with hydrochloric acid and sodium hydroxide and fixing the Cu 2+ concentration at 4 × 10 -5 mol/L. From Fig. 3 , one can see that the fluorescence intensity of the optode membrane was stable in the range of pH from 4.0 to 8.0, suggesting that it was actually pH-independent between pH 4.0 and 8.0 and could work in real samples. At pH values higher than 8.0, the fluorescence of the optode membrane increases with increasing pH value and at pH 10.0, it remains almost steady. This phenomenon might be caused by the formation of partial precipitation of Cu(OH)2 under strong alkaline condition resulting in the decrease of actual concentration of Cu 2+ in the sample solution. From the aspects of sensitivity, response speed and application in real samples, a Tris-HCl buffered aqueous solution at pH 7.24 was chosen as optimum experimental condition.
Selectivity
In order to evaluate the selectivity of the optode membrane, the fluorescence responses of the sensor binding to various metal ions were investigated in buffered (Tris-HCl, pH 7.24) aqueous solution. Cations were added as chlorides, nitrates, acetates and sulfates. As is evident from Fig. 4 , the fluorescence intensity of the optode membrane was obviously quenched upon the addition of Cu(II) and was slightly quenched upon binding to Co(II) under identical concentrations, while the addition of other cations did not affect the fluorescence intensity of the optode membrane. Next, the fluorescence spectra of compound 1 in the presence of various cations in buffered (Tris-HCl, pH 7.24) water/ethanol (1:1, v/v) solution were also recorded in Fig. 5 . It can be seen that the addition of Zn 2+ , Cd 2+ , Hg 2+ , Co 2+ and Ni 2+ induces obvious fluorescence interference. So the optode membrane shows better selectivity to Cu 2+ than compound 1 in solution, which is probably due to the differences in the density and flexibility of the two systems. A similar result was previously reported by Grabchev. 40 Finally, the competition experiments were also carried out in which a 6.0 × 10 -4 mol/L Cu(II) solution in the presence of other metal ions was added to the fluorescence cuvette with optode membrane. As shown in Table 1 , the relative error of common interference materials such as alkali, alkaline earth and transitional metal ions except Co(II) was less than ±5%, which is regarded as tolerable. Fortunately, Co(II) could be effectively circumvented by adding masking reagent F -. Alternatively, some separation technique such as cation-change and extraction process could be applied to improve the selectivity of Cu 2+ in real samples. 41 Therefore, it seems feasible to use this sensor for the practical applications.
Reproducibility, reversibility and response time
In order to investigate the response time, reversibility, and reproducibility of the optode membrane, we exposed the sensor to a buffered (Tris-HCl, pH 7.24) aqueous solution, containing 4 × 10 -5 and 4 × 10 -4 mol/L Cu 2+ in turn. Figure 6 shows the fluorescence intensity change with time upon switching from one solution to the other. The relative standard deviation from eleven measurements of blank buffer solution was found to be 2.72% and the relative standard deviations in fluorescence intensities recorded from five replicates of 4 × 10 -5 and 4 × 10 -4 mol/L were estimated as 2.92 and 3.54%, respectively. Thus, the repeatability and reversibility of the sensor seem to be satisfactory. The response time of the sensor was 180 and 240 s for 4 × 10 -5 and 4 × 10 -4 mol/L Cu 2+ solutions. In addition, it was found that the recovering time is independent of the Cu 2+ concentration change; it remains actually the same regardless of switching from low concentration to high or the reverse. The recovering time is about 200 s.
Short-time stability and lifetime
The short-time stability of the optode was tested by recording the fluorescence signal values of 4 × 10 -5 mol/L Cu(II) solution taken every 30 min over a period of 6 h. The relative standard error of 1.89% was achieved for this solution. The stability of the sensor over short-time periods is reasonable; it might be ascribed to covalent immobilization effectively hindering the leakage of the dye from the optode membrane into solution. A newly prepared membrane can maintain its function for at least 2 months of continuous use. Hence, the lifetime of the optode membrane is acceptable for analytical applications.
Preliminary analytical application
In order to test the practical application of the optode membrane, we applied the sensor in the determination of Cu(II) in the river water sample obtained from different locations of Xiang Jiang river and simply filtrated. In order to reduce the pH influence on the Cu(II) detection, we buffered the pH values of sample solutions to 7.24 with Tris-HCl aqueous solution. The results are summarized in Table 2 , they agreed well with the results from the atomic absorption spectrometry reference method with a relative deviation of less than 4%. The present sensor seems useful for the determination of Cu(II) in real samples.
Conclusion
In conclusion, a fluorescent sensor for copper ions based on covalently immobilized derivative of naphthalimide has been described. It shows fluorescence quenching upon binding to Cu 2+ , which has been utilized as the basis for selective detection of Cu
2+
. To fabricate the sensor, we copolymerized a new dye monomer 1 with a terminal double bond with 2-hydroxyethyl methacrylate (HEMA) by UV photopolymerization and covalently immobilized it on the surface of the modified quartz glass plate.
The sensor exhibits remarkable analytical characteristics including fast response and recovery time, sufficient reproducibility, high sensitivity and selectivity for the determination of copper in aqueous media. Moreover, the lifetime of the sensor is guaranteed because the leaching of dye from optode membrane was prevented by covalent immobilization. The proposed sensor can be applied to the quantification of Cu 2+ with a linear range covering from 4.0 × 10 -7 to 6.0 × 10 -4 mol/L; the detection limit is 2.0 × 10 -7 mol/L. The proposed sensor has been used for the determination of Cu 2+ in both tap and river water samples and shows satisfactory results. . The excitation wavelength was 453 nm.
